Abstract. As anthropogenic activities, notably the burning of fossil fuels, increase carbon 32 dioxide (CO2) and result in a decrease in oxygen (O2) concentrations in the ocean system, it 33 becomes important to understand how different populations of marine animals will respond. 34
thecosomes to see whether exposure to 800 μatm pCO2 and/or 10% O2 resulted in different 289
outcomes. The level of low O2 chosen for this study was well above the threshold that has been 290 designated as stressful for non-specialized metazoan life (< 2 mg O2 L -1 or 60 μmol O2 kg -1 ; 291
Vaquer-Sunyer and Duarte, 2008) , in order to test the non-lethal effect of moderately low O2 on 292 individuals from the two ocean basins. Calculations based on the salinity and temperature of the 293 water indicated that bubbling with 10% O2 achieved conditions of 10-13% O2 saturation at the 294 start of experiments. Subsequent analyses (see below) also confirmed that intended CO2 295 concentrations were achieved for all treatments within reasonable ranges, with the exception of 296 the LC/LO Atlantic treatment. In this case, the gas cylinder was evidently improperly mixed by 297 the manufacturer and analyses suggested a ca. 100 ppm CO2 concentration. The results for this 298 treatment are still presented but should be interpreted as a distinct treatment. 299
Oxygen consumption was measured following similar techniques as described in Marsh 300 and Manahan (1999) . Briefly, at the conclusion of the experiment water was withdrawn from 301 treatment or control chambers using an airtight 500 μL Hamilton syringe and injected past a 302
Clarke-type microcathode (part #1302, Strathkelvin Instruments, North Lanarkshire, United 303 Kingdom) attached to an O2 meter (part #782) in a water-jacketed injection port (part #MC100). 304
This was done three times, allowing the reading to stabilize for at least 30 seconds before a 305 measurement was taken. Generally, the change in oxygen consumption was between 3-25% of 306 the control value. In high oxygen experiments, if the oxygen level fell below 70% of air 307 saturation they were excluded from the analysis. Animals were removed from the chamber, 308 blotted dry and frozen in liquid nitrogen. These individuals were later weighed using a 309 microbalance (± 0.0001 g) and the resulting mass specific O2 consumption rates are reported in 310 μmoles (g wet weight)
-1 h -1 . Wet weights are here used as they are more relevant for 311 physiological understanding of animal function (Childress et al., 2008) but dry weights can be 312 estimated from these using the wet weight to dry weight relationships developed previously for 313 pteropods (Ikeda, 2014) . To replicate the duration of exposure that would be experienced by 314 most thecosomes in the Pacific undergoing a daily migration to depth, the experiments were 315 targeted to last 6-12 h. In practice, experiments ranged from 6-18 h for normoxic and 3-10 h for 316 low O2 trials. This variation in duration resulted from balancing the need to elicit a measureable 317 change in O2 concentration with preventing extreme O2 depletion of the chambers (< 6% oxygen 318 saturation) and accounting for multiple species of variable size and metabolic rate. 319
Experimental Carbonate Chemistry 320
Carbonate chemistry of the treatments was characterized in most cases via measurements of DIC 321 and TA of experimental seawater, unless indicated otherwise. The process of measuring the O2 in 322 the treatments used up a large portion of the water and then the chamber was unsealed and 323 disturbed to remove the animal, rendering it impractical to measure the carbonate chemistry 324 directly from the respiration chambers. DIC measurements were thus taken from control syringes 325 within 18 h of the end of each experiment and used to represent the starting point of the 326 carbonate chemistry conditions the animals experienced. Water samples were allowed to come to 327 room temperature (> 6 h) before analysis. DIC was measured using the same system as that used 328 for the hydrographic characterization (see above). Estimates of the effect of CO2 production via 329 respiration in treatment chambers on DIC were made using a respiratory quotient of 0.8 M of 330 CO2 per 1 M of O2 consumed (Mayzaud, 1976) to characterize the ending conditions of the 331 experiments. 332
Due to the small volumes of water in the experimental chambers, it was not possible to 333 measure both DIC and TA from the control syringes. Instead, TA samples intended to be 334 representative of the starting experimental conditions were collected via siphoning from each 335 batch of filtered and antibiotic-treated water. These samples were subsequently measured based 336 on the analytical method described above (Wang and Cai 2004 and antibiotic treated (thus microbial activities were kept at minimum), and aerobic respiration 339 does not change TA in a significant way. 340
In some instances, however, measured TA from experimental water was substantially 341 dissimilar to that of the surface measurements made from nearby in-situ surface bottle samples 342 collected with the CTD (> 20 μmol kg -1 ; see section 3.3). Calculated pCO2 values in these cases 343 were also significantly different from batches of experimental water collected from other 344 locations, but bubbled with the same CO2 gas tank. These differences are more than 10 times the 345 measurement precision/accuracy and 5 times the uncertainty of duplicate sampling and 346 measurements during the cruises. They are also beyond the likely level of TA variation due to 347 differences in sampling location (geographic and in depth) between the in situ bottle samples and 348 experimental water batches and rather are likely a consequence of the difficulties associated with 349 cleanly siphoning the experimental water batches (e.g., contamination during sampling). For 350 completeness, the carbonate chemistry system parameters for the experimental water, including 351 aragonite saturation state and pCO2, are reported based on calculations using DIC-TA pairs using 352 both the in situ and experimental TA; in those cases where the TA measurements diverged 353 substantially (> 20 μmol kg -1 ), however, we base our interpretations on the in-situ measured TA 354 at nearby CTD stations instead of the values of experimental water. In those circumstances 355 where batch water was taken from test stations and CTD bottle data were unavailable, the 356 experimental TA was checked using calculated TA values using DIC from the LC/HO treatments 357 and pCO2 from the underway measurements. 358
Statistics 359
Oxygen consumption rates were tested for significant differences between groups with 360 Bonferroni pairwise post-hoc comparisons using SPSS. Univariate General Linear Models 361 (GLM) were conducted to determine the effect of CO2 level, O2 level, and their interactive effect 362 using the log transformed oxygen consumption with log transformed wet mass as a covariate 363 separately for each species (2 factor design; "CO2 × O2"). In the Atlantic this full factorial design 364 was confounded by the incorrect gas mixture so each treatment was tested independently (1 365 factor design; "treatment"). Species that were collected during both years/basins, and 366 experiments conducted on species at multiple temperatures, were analyzed separately so that the 367 effect of variations in mass between seasons and the changes in metabolic rate at different 368 temperatures would not confound the analysis. It thus should be noted that these inter-basin comparisons may be of cryptic congeners rather 390 than conspecific populations. 391
We collected two species of thecosome pteropods exclusively from the Atlantic, 392
Limacina retroversa (Fleming, 1823), a subpolar species, which is absent from the North Pacific, 393 
Hydrography 407
Two hydrographic regimes were evident along the North Pacific study transect (Table 2 would experience a pH below 7.7 was within the inhabited depth range known from the literature 422
for all of the species tested in this study region, but only the species Clio pyramidata likely 423 experienced 10% O2, 800 μatm pCO2 and aragonite undersaturation in its typical distribution in 424 this portion of the Pacific transect (Table 1) . 425
In contrast to the Pacific, along the entire Atlantic transect O2 concentration was above 426 ~200 μmol kg -1 in the top 500 m, while pCO2 never reached 800 μatm and aragonite 427 undersaturation never occurred throughout the top 1000 m. There were three dominant 428 hydrographic regimes in the Atlantic (Table 2 thecosomes used in this study, only the species Clio pyramidata would ever experience a pH 442 below 7.7 in this overall Atlantic study region and none of the thecosomes studied would 443 experience 800 μatm pCO2 or under-saturation within their vertical range (Table 1) . 444
Carbonate Chemistry of Experiments 445
Bubbling with CO2 levels of ~380 and ~800 ppm resulted in a distinct separation of carbonate 446 chemistry between treatments during the experiments in both oceans (Table 3) As a consequence of the natural differences in seawater carbonate chemistry, in particular 472 the TA differences between two ocean basins, there were inherent differences in the aragonite 473 saturation state between the Pacific and Atlantic treatments (Table 3 ). In the Atlantic ΩAr of the 474 ambient CO2 treatment ranged from 2.4-3.5, except for the LC/LO treatment (ΩAr 4.0-5.5), which 475 was bubbled with an incorrect gas mixtures as discussed above. Comparatively, in the Pacific the 476 ambient CO2 condition had a lower range of ΩAr (2.2-2.4) for both the LC/HO and the LC/LO 477 treatments. The experimental conditions of the high CO2 treatments in the Atlantic only 478 approached under-saturation in the middle part of the transect (ΩAr = 1.2 at mid-latitudes; Table  479 3), where cold northern waters of low salinity were encountered and ΩAr had a range of 1.5-2.0 480 for the rest of the transect in the Atlantic. The values of ΩAr were lower overall in the Pacific, 481 although the high CO2 treatments also never reached under-saturation (ΩAr 1.3-1.8). The 482 manipulation of carbonate chemistry in general successfully created two distinct ranges for both 483 pCO2 and aragonite saturation state (ΩAr) in this study. 484
It is important to acknowledge that the production of CO2 via respiration of the organisms 485 within the chambers would modify the carbonate chemistry of the treatments over the duration of 486 the experiments. Based on the average respiration rate, and using a respiratory quotient of 0.8 487 (Mayzaud, 1976) , we estimate an average DIC production of ~18.0 μmol kg -1 by the end of an 488 experiment. Applying such a change to the experimental conditions in the northeast Pacific, 489 where seawater is more sensitive to changes in DIC due to a lower buffering capacity compared 490 to the Atlantic (i.e., a worst case scenario), ΩAr would only change by <0. appreciable effect, we nonetheless retain a wide separation between the ambient and high CO2 493 treatments and in no cases would the treatments reach under-saturation as a consequence of this 494 biological activity. As such, for simplicity the results reported in Table 3 do not include this 495 variability. 496
Oxygen Consumption Rate 497

Effect of CO2 498
Varying availability and abundances of the different thecosome pteropod species in the net 499 samples precluded all species being exposed to the full factorial design but individuals of all 500 species were tested under the low CO2, high oxygen (LC/HO) and high carbon, high oxygen 501 (HC/HO) treatments (Fig. 3, Table 4 ). To explore differences in metabolism attributable to a 502 response to CO2, the log transformed wet mass was used in a GLM as a covariate comparing the 503 log transformed oxygen consumption (response variable) under low and high CO2 conditions; 504 each population within a species that was sampled in both basins or run at multiple experimental 505 temperatures, was examined separately. There was no significant effect of CO2 for any species in 506 either basin. 507
Effect of basin 508
Following this assessment, we were interested in determining whether there were 509 between basin differences in metabolic rate. As such we ran a GLM using log transformed 510 metabolic rates for the three species that were found in both basins, normalized to 15 °C to 511 account for differences in experimental temperature by applying a standard temperature 512 coefficient. With the log-transformed wet mass as a covariate, we tested for an effect of basin, 513 CO2 and an interactive term. Clio pyramidata had a similar metabolic rate between basins. In 514 contrast, Cavolinia inflexa (F1,20=10.358, p=0.004) and Styliola subula (F1,23=11.817, p=0.002) 515 both had a significantly lower metabolic rate in the Pacific, although no interactive effect of CO2. 516
Effect of O2 517
For the species where enough individuals were collected to provide experimental 518 replicates to explore the interactive effects of CO2 and O2 we also ran a species and basin 519 specific GLM exploring the effect of treatment (Fig. 3, Table 5 ). Clio pyramidata, the only 520 species we were able to test in both basins showed no significant effect of high CO2, low O2 or 521 the interactive treatment in either basin. In the Pacific, L. helicina and C. inflexa similarly 522
showed no significant change in metabolic rate as a consequence of any of the treatments. In 523
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Biogeosciences contrast, in the Atlantic, there was a significant effect of treatment for L. retroversa and a 524
Bonferroni post-hoc analysis comparing the treatments found that the high CO2, low O2 (HC/LO) 525 treatment was significantly lower than all other treatments ( Fig. 4A; F3,38=17 .836, p<0.001; a 526 ~60% reduction in the average mass specific metabolic rate in comparison with the LC/HO 527 treatment; Table 4 ). Cuvierina atlantica was tested at both 15 and 20 °C in the Atlantic, so to 528 make comparisons among these experiments a temperature coefficient was applied and rates 529 were normalized to 15 °C, after which no significant effect of any treatment was found for this 530 species. 531 532
Discussion 533
This study reveals that short term exposure to low O2 and high CO2, similar to what would be 534 experienced by individuals in the Pacific during diel vertical migration, does not influence the 535 oxygen consumption of most of the thecosome pteropod species examined from either the 536 Atlantic or Pacific. The only species which had a significant change in respiration in response to 537 any of the treatments was Limacina retroversa from the Atlantic, which responded to the 538 combined effect of low O2 and high CO2 with a reduction in oxygen consumption rate. 539
Experimental Design 540
A factor that should be considered when interpreting our results is the dynamic hydrographic 541 conditions that the animals experience naturally between and within the ocean basins. 542
Thecosomes of multiple species were found at a range of temperatures, salinities and carbonate 543 chemistries, meaning that they experienced a range of pH and aragonite saturation states in their 544 natural habitat. When comparing animals from multiple locations, we chose to use local water in 545 order to replicate these natural conditions and to manipulate exclusively the CO2 concentration, 546 as this is the factor that is changing due to anthropogenic activity. This approach, however, does 547 not control for the other parameters of the carbonate chemistry system, which will vary between 548 regions. Despite this fact, there was a clean distinction between treatments, notably in terms of 549 aragonite saturation state as well as CO2 concentration, that provides insight into the effect of 550 moderate short duration exposure to CO2. 551
It is also important to note that the individuals of L. helicina from the Pacific experiments 552 did occasionally have very high mortality during the period prior to experimentation (>80% at 553 transit station T2 and T5, decreasing substantially to the northwest and along the main Pacific 554
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Biogeosciences The ability to cope with high CO2 for short durations may have been selected for over time as a 607 natural consequence of the types of unavoidable environmental variability experienced by these 608 planktonic populations. 609
Low O2 and Combined Effects 610
In the Pacific Ocean, none of the species for which we had enough individuals to perform the 611 low O2 study (L. helicina, C. pyramidata, and C. inflexa) had a significant change in metabolic 612 rate under low (10%) O2, even when combined with enhanced CO2. These results indicate that 613 the O2 levels were above the concentration below which these species can no longer sustain their metabolic reduction. As subsurface waters throughout the cruise were frequently below 10% O2 617 (< ~130 μmol kg -1 ), this indicates that these species may be naturally adapted to coping with low 618 O2 conditions. 619
In the Atlantic, examination of the effects of low O2 is confound by an unfortunate and 620 accidentally low level of CO2 (~130 μatm) in the LC/HO treatment ( Table 3) North Atlantic Ocean and the Southern Circumpolar Current. As such this is the only species in 631 this study in which no population is likely to experience conditions of low O2 and high CO2 632 together naturally anywhere in its distribution. Its inability to maintain metabolic rate during this 633 interactive exposure may be a short-term metabolic response to environmental conditions that are 634 unsustainable over longer time periods. As a consequence of the very low CO2 in the LC/LO 635 treatment, it is impossible to determine whether the metabolic suppression for L. retroversa in 636 the HC/LO was in response to reduced O2 availability alone or to the interactive effect of low O2 637 with high CO2. In the LC/LO treatment any change in respiration due to low O2 could have been 638 masked by a change in the energy budget as a response to the low (equivalent to pre-industrial 639 atmospheric conditions) levels of CO2. The results suggest that further work in the Atlantic is 640 warranted to disentangle these stressors and to determine whether the observed change in 641 metabolic rate was solely a consequence of O2 availability or truly a synergistic effect. 642
Interestingly, although the temperature coefficients were not species-specific and may 643 not, therefore, perfectly normalize the dataset, one trend revealed by their use was a significant 644 difference in the normalized metabolic rates between species such as S. subula and C. inflexa Table 3 : Carbonate chemistry during manipulation experiments. The manipulation experiments were conducted at multiple temperatures (T.) and salinities (S.) based on the conditions the organisms were caught in. As described in more detail in the text, DIC measurements were made of water drawn from the control chambers while TA was measured for batches of experimental water (denoted as xpt. TA). In situ TA (i.s. TA), based on nearby CTD bottle sampling at the surface, is also shown. At test stations, where bottle samples of in situ TA were unavailable, underway pCO2 values and the LC/HO DIC were used to calculate in situ TA (denoted with *). In some instances, measurements of experimental TA differed by >20 μmol kg -1 from nearby in situ measurements of surface TA. This difference greatly exceeds expected variability based on measurement uncertainty and spatial (geographic and vertical) offsets in the locations of experimental water collection relative to the nearest CTD cast; in these circumstances, the experimental TA was likely erroneous due to sampling errors (e.g., contamination). For completeness, and to aid in identification of erroneous experimental TA values, calculations of carbonate chemisty parameters, including aragonite saturation state (ΩAr) and pCO2 were made based on DIC and both experimental TA and in situ TA. In further data analysis and interpretation, calculations based on experimental TA are given preference except those few instances where experimental TA differed from in situ by >20 μmol kg -1 (bold denotes preferred calculations). Calculated saturation state and pCO2 are reported as the average and standard deviation per batch of water. Note that the LC/LO gas tank in 2011 (in italics) appears to have been improperly mixed by the manufacturer as calculations suggested it contained a much lower CO2 level than the intended 380 μatm; it should consequently be considered an entirely separate treatment from the 2011 LC/HO (were CO2 levels were based on bubbling with an ambient air line). Table 5 : Statistical results of the univariate general linear models (GLM) for each species were analyzed separately by year and are listed by the temperature of the experiment (Temp.; °C). For species studied at multiple temperatures (denoted by *), the metabolic rates were adjusted to 15°C using a Q10 = 2 to allow for direct comparison. The effect of the independent factors of CO2 level (CO2), O2 level (O2), their interactive effect (Int.) and the covariate of mass were analyzed in regards to the metabolic rate and reported as p-values for the Pacific (mean mass specific metabolic rate values found in Table 4 ). For the Atlantic, each treatment was tested as independent (Treat.) due to the accidentally low CO2 condition in the LC/LO gas mixture. Note that for C. atlantica the metabolic rates of individuals respired at 20° C were converted to 15°C using a temperature coefficient of 2 (see methods) for this GLM analysis. 
